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released by-products of plasma etching with the sidewalls of the structure. Such 
polymers are not easily removed using ashing processes. 

While wet etchants have many preferable characteristics as compared to dry 
etchants, dry etchants can be used in fabrication processes without the need to dry 
the structure being processed after a dry. organic material removal step has been 
performed. The added step of drying the structure that is required when using a 
conventional wet etchant adds to the cost of fabrication. A lack of full process 
automation may also result from the added step of drying the structure. Another 
advantage of etching with a dry etchant is that it often decreases the safety hazards 
associated with wet removal solutions due to the relatively small amount of 
ehemicals utilized in the dry etchant, e.g., environmentally advantageous. 

Supercritical fluids have been used to remove organic residue from a variety 
of surfaces or extract substances from various materials. A gas is determined to be 
in a supercritical state (and is referred to as a supercritical fluid) when it is subjected 
to a combination of pressure and temperature so that its density approaches that of a 
liquid (i.e., the liquid and gas state coexist). For example, supercritical fluids have 
been used to clean contact lenses by etching residue from lense surfaces, as 
disclosed by Bawa et al. in PCT Application Publication Number WO 95/20476. 
Further, supercritical carbon dioxide (C0 2 ), has also been used to remove exposed 
organic photoresist films, as disclosed by Nishikawa et al. in U.S. Patent No. 
4,944,837. 

It is also known that organic material is removed rather well by certain 
oxidizing gases, in particular, sulfur trioxide. For example, as described in U.S. 
Patent No. 5,037,506 to Gupta et al., entitled "Method of Stripping Layers of 
Organic Materials," issued 6 August 1991, gaseous sulfur trioxide is used to remove 
various organic coatings, polymerized photoresist, and implant and deep-UV 
hardened photoresist layers during the manufacture of semiconductor or ceramic 
devices. Further, for example, as described in U.S. Patent No. 4,778,536 to 
Grebinski, entitled "Sulfur Trioxide Vapor Phase Stripping" issued 18 October 
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component in a supercritical state is selected from the group of carbon dioxide 
(C0 2 ), ammonia (NH 3 ), H 2 0, nitrous oxide (N 2 0), carbon monoxide (CO), inert 
gases (e.g., nitrogen (N 2 ), helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon 
(Xe), etc.), and similar components, or combinations of the above. Some of the 
above possible combinations may react to form other active agents (e.g., S0 3 reacts 

withH 2 0 toformH 2 S0 4 ). 

The use of such additional components in supercritical states to form 
supercritical fluid mixtures for removal of organic material allow for tailoring the 
parameters of the removal process, e.g., the temperature and pressure of the 
supercritical fluid mixture. For example, in one preferred composition, a sulfur 
'trioxide oxidizer component is used in a supercritical fluid of carbon dioxide. The 
' pressure of the system using such a composition can be maintained at a lower state 
since the critical pressure of carbon dioxide is significantly lower than the 
supercritical pressure of sulfur trioxide. In this illustrative example of a 
supercritical fluid mixture including carbon dioxide and sulfur trioxide, the ratio of 
carbon dioxide: sulfur trioxide is preferably in the range of about 10:1 by volume to 
about 1 :1 by volume. Generally, the ratio of the oxidizer component to the 
additional component in the supercritical state is in the range of about 1:100 by 
volume to about 1 00: 1 by volume. 

Other additional components may be used to enhance the organic material 
removal process. Such components may or may not be in a supercritical state. For 
example, such components may include components, such as inorganic acids (e.g., 
HC1, HBr, HF), buffering agents (e.g., ammonium fluoride (NH 4 F), tetramethyl 
ammonium fluoride (Me 4 NF)), surfactants, selectivity enhancers (e.g., tetramethyl 
ammonium hydroxide (Me 4 NOH), tetramethyl nitrogen fluoride (Me 4 NF), and 
ammonium fluoride (NH 4 F)), or ligands (e.g., beta-diketones, fluorinated-diketones, 
organic acids, and the like) to enhance the etching effectiveness or protect other 
layers of the structure that are present. 

One skilled in the art will recognize that the composition may be formed in a 
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such as a fluorocarbon or hydrofluorocarbon plasma. As shown in Figure 1, during 
the etching of the opening 1 8, organic material, e.g., a nonvolatile polymeric 
residual layer 21, may be formed on the side walls 19 of the opening 18 being 
defined. Such organic material 21 , in addition to the photoresist layer 16, is 
removed using a composition 22 according to the present invention prior to other 
process steps being performed. It will be apparent to one skilled in the art that the 
structure being formed may be one of any number of different structures. The 
present invention is not limited to any particular structure described herein. For 
example, the structure being formed may be part of various devices or circuits, such 
as SRAMs, DRAMs, flat panel displays, any structure formed with the use of resist 
tfiaterial, etc. 

The present invention is particularly beneficial for defining structures having 
critical dimensions of less than 1 micron and preferably any features having a 
critical dimension of less than or equal to about 0.6 microns, more preferably those 
features having a critical dimension of less than about 0.25 microns. For example, 
the present invention is beneficial for removal of organic material in small high 
aspect ratio features. Small high aspect ratio features are defined herein as features 
having aspect ratios (i.e., the height to spacing ratio of two adjacent steps of a 
substrate assembly such as steps which define an opening, a trench, etc.) greater than 
about 1 and features sizes or critical dimensions of below about 1 micron (e.g., such 
as opening width (cd) of Figure 1 being less than about 1 micron). Although the 
present invention is particularly beneficial for definition of such small high aspect 
ratio features, the removal of organic material from other sized structures is clearly 
contemplated in accordance with the present invention. 

It is desirable to decrease the use of relatively high temperature processing 
steps for relatively long periods of time. A process sequence in the fabrication of 
semiconductor integrated circuits (ICs) ideally maintains a relatively low thermal 
budget. The thermal budget for an IC process sequence is that combination of time 
and temperature for heat treatments utilized in the fabrication of the IC, above which 
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electrical performance of the IC is possibly degraded. An IC can only be subjected 
to a limited number of thermal steps for a limited amount of time before its 
electrical performance is potentially detrimentally affected. For example, thermal 
steps often cause dopant gradients at junctions between two regions in an IC to 
diffuse, such that the potential barrier between the two regions is altered. 
Furthermore, thermal steps often cause dopants to migrate into undesired regions, 
altering device characteristics. For example, because transistors are formed prior to 
the capacitor in many dynamic random access memory (DRAM) devices, it is 
desirable to use relatively low temperatures to form the capacitor because higher 
temperatures cause dopants to diffuse, forming dopant gradients, across the many 
junctions therein. 

Preferably, the temperature range used to remove organic material according 
to the present invention is in the range of about 30°C to about 250°C. Of course, 
because at least one component of the composition used to remove the organic 
material must be in a supercritical state, the temperatures used will need to satisfy 
the critical temperature requirements for the component which exists in the 
supercritical state in the composition. For example, relatively low temperatures may 
be achieved by using carbon dioxide as the supercritical component in the 
composition. Carbon dioxide has a critical temperature of 31 °C. Therefore, use of 
a C0 2 supercritical component with an oxidizer component (not in a supercritical 
state) may be used such that thermal budget is conserved. When temperature 
constraints are not present, for example, such as in early fabrication steps, sulfur 
trioxide may be used in its supercritical state alone. 

Further, preferably, the pressure range used to remove organic material 
according to the present invention is in the range of about 1 atmosphere to about 250 
atmospheres. Of course, because at least one component of the composition used to 
remove the organic material must be in a supercritical state, the pressure used will 
need to satisfy the critical pressure requirements for the component which exists in 
the supercritical state in the composition. By using a supercritical component with a 
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lower pressure, lower pressure processing parameters can be achieved. 

Supercritical etching compositions can be environmentally advantageous 

over current chemistries, particularly where C0 2 is the primary supercritical 
component. C0 2 is much less toxic than many standard wafer cleaning 
compositions. Supercritical fluids also offer high purity when compared to liquid 
chemical etchants since they are typically purified as gases. Further, supercritical 
fluids are also capable of being relatively easy to recycle. 

Due to the high rate of penetration that is characteristic of supercritical fluids 
as compared to wet etchants, removal of organic material in accordance with the 
present invention is more uniform. Uniformity is promoted due to the superior 
Wetting abilities of supercritical compositions, along with their ability to break away 
- material from within etched or partially etched openings of a structure. Another 
desirable advantage of using supercritical compositions and methods of the present 
invention is that drying steps are not needed in the IC processing sequence 
subsequent to an organic material removal step in accordance with the present 
invention. Elimination of such drying steps contributes to optimizing efficiency in 

the fabrication of ICs. 

The organic material removal process according to the present invention may 
be employed in batch or continuous processing operational modes. In either case, 
components of the organic material removal composition are provided to a chamber 
that includes structures such as that described with reference to Figure 1. The 
chamber is typically purged prior to providing such components to the chamber, 
such as with nitrogen or some other inert gas. The flow rate of the components into 
the chamber will depend on the nature of the organic material removal composition 
and also on the type and characteristics of the organic material to be removed, e.g., 
thickness, hardened resist versus ion-implanted resist, etc. The exposure time of the 
removal composition to structures in the chamber will also vary. A typical time of 
exposure may be from about 5 seconds to about 10 minutes. Likewise, the removal 
rate of the organic material will also depend on the nature of the organic material 
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removal composition and also on the type and characteristics of the organic material 
to be removed. A typical removal rate may be in the range of about 10 A/minute to 
about 1 micron/minute. 

According to the present invention, a substrate assembly having organic 
material that is to be removed (e.g., a semiconductor-based substrate assembly 
patterned with a photoresist, a base plate of a flat panel display patterned with a 
, photoresist) is exposed to an organic material removal composition according to the 
present invention and as previously described herein. A preferred process sequence 
utilizes an apparatus preferably customized for the particular composition. For 
example, a pressure vessel 1 14 shown in Figure 2 is a useful tool in which to expose 
^substrate assembly 1 16 to the organic material removal composition according to 
" the present invention. The pressure vessel 1 14 includes a chuck or holder 1 18 for 
supporting and/or rotating the substrate assembly 1 16. Mass or liquid flow 
controllers 120 operatively attached to the pressure vessel 1 14 control the input of. 
each component of the composition. For example, an oxidizer component, e.g., 
sulfur trioxide, and an additional component, e.g., carbon dioxide, each enter the 

pressure vessel 1 14 directly through a i ^P^Q^^^°^ 1 ^^]^^^f ^ 
understood, however, that an optional^p^t«^ll2 can be used that allows for the 
mixing of the components prior to their entering the pressure vessel 1 14 as well as 
allowing for any number of different components to be mixed. 
3$£> As illustrated in Figure 2, the components cajrte pre-mixed in mixing 
-^sloMm. The components can also be heWin the mixing manifold 122 by 
including heating coils or vanes in walls of ra4fold 122 to increase heat transfer to 
the components before passing through Woptionld circulation heater 124, such as a 
circulation heater supplied by Watlow/Co. of Sfaint Louis, Missouri. The organic 
residue removal composition then enters the plessufe vessel 1 14 through a 
dispensing device 126, such as a/shower-head, with at least one of the components 
in the supercritical state. The circulation heater 124 is preferably used to increase 
the heating efficiency of the Astern when creating the supercritical composition in 
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the mixing manifold 122 prior to .enterfng^the pressure vessel 14. The organic 
material removal composition pastes o^epftie substrate 1 16 from the dispensing 
device 126. 

It is also to be understood that the supercritical etching composition can 
optionally pass directly over the substrate 1 16 from a heated transfer line without 
using a dispensing device 126. Alternatively, each component of the supercritical 
etching composition can enter the pressure vessel through plumbed supply lines, 
where the components can then be brought to the supercritical state. The 
supercritical etching composition is passed over the substrate 116 until the desired 
organic material is removed. 

' * The pressure vessel 1 1 4 also includes a heating mechanism and a 
pressurization mechanism for controlling the temperature and pressure of the 
pressure vessel 1 14. Temperature and pressure within the pressure vessel 1 14 is at 
or above the critical temperature and pressure for the components desired to be in a 
supercritical state. A thermocouple 128 monitors temperature within the pressure 
vessel 1 14 and relays an appropriate signal to a temperature control unit 130. The 
temperature control unit 130 sends appropriate signals to heater inputs 132, which 
provide heat to the pressure vessel 114. A pressure gauge 1 34 monitors pressure 
within the pressure vessel 1 14 and sends appropriate signals to a pressure control 
unit 136, which pressurizes/depressurizes the pressure vessel 1 14. Excess 
composition is vented or pumped through a vent or pumping system in the direction 
indicated by arrow 138. For example, the organic material removal composition 
passes from the pressure vessel 1 14 to the vent or pumping pressure control system 
136 by operation of a pressure differential. 

It will be recognized by one skilled in the art that other alternative 
configurations of tools such as illustrated in Figure 3 can be useful for removing 
organic material from a substrate assembly 116 using an organic material removal 
composition according of the present invention. The tool illustrated in Figure 3 is 
similar to the tool illustrated in Figure 2, but the oxidizing component (prior to 
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being brought to the supercritical state) first flows from mass or liquid flow 
controller 140 through circulation heater 124 prior to entering the mixing manifold 
122, where any additional components enter through mass or liquid flow controllers 
142. When the oxidizer component is capable of etching a particular inorganic 
material in and of itself, and when using the tool illustrated in Figure 3, other 
additional components need not be added to the mixing manifold 122 from mass or 
liquid flow controllers 142. 

In one preferred embodiment of the present invention, the organic material 
removal composition includes only sulfur trioxide in its supercritical state. A 
pressurizable chamber is heated above the critical temperature (218.3°C) of sulfur 
'trioxide, preferably below about 250°C. The chamber is then provided with sulfur 
"trioxide at a pressure above the critical pressure (83.8 atmospheres), preferably 
below about 100 atmospheres. A preferred desired flow of the sulfur trioxide into 
the pressure chamber is in the range of about 100 seem to about 1000 seem. The 
organic material is removed during a preferred time range of about 10 seconds to 
- about 60 seconds with a removal rate of about 100 A/minute to about 1 
micron/minute. 

In another preferred embodiment of the present invention, the organic 
material removal composition includes sulfur trioxide in a nonsupercritical state and 
carbon dioxide in a supercritical state. A pressurizable chamber is heated above the 
critical temperature (31 °C) of carbon dioxide, preferably below about 50°C. The 
chamber is then provided with sulfur trioxide and carbon dioxide at a pressure above 
the critical pressure (72.8 atmospheres) of carbon dioxide, preferably below about 
100 atmospheres. A desired flow of the sulfur trioxide into the pressure chamber is 
in the range of about 10 seem to about 200 seem. A desired flow of the carbon 
dioxide into the pressure chamber is in the range of about 200 seem to about 1000 
seem. In other words, the ratio of sulfur trioxidexarbon dioxide is in the range of 
about 1:1 to about 1:100. The organic material is removed during a time period in 
the range of about 10 seconds to about 60 seconds with a removal rate of about 
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lOA/minute to about 1 micron/minute. 

All patents, patent applications, and publications disclosed herein are 
incorporated by reference in their entirety, as if individually incorporated. The 
foregoing detailed description and illustrations have been given for clarity of 
understanding only. No unnecessary limitations are to be understood therefrom. 
The invention is not limited to the exact details shown and described, for variations 
obvious to one skilled in the art will be included within the invention defined by the 
claims. 
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